. By injecting the cell with Lucifer yellow shaped sensitivity profiles, the majority of large reimmediately after recording, we could compare a preceptive fields were composed of multiple regions of cisely measured receptive field with the dendritic arbor high sensitivity. The density of dendritic branches at of the particular cell that generated it. The most striking inhomogeneities were found for the larger types of ganany one location did not predict the regions of high glion cell. We suggest a mechanistic reason why this sensitivity. Instead, the interactions between a ganmight be so and why these irregularities would be an glion cell's dendritic tree and the local mosaic of bipoacceptable cost for an efficient overall plan of the visual lar cell axons seem to define the fine structure of the system. receptive field center.
Introduction
The basic technique used to map the receptive fields A model based on a difference of Gaussians has become of retinal ganglion cells is illustrated in Figure 1 . For the standard description of the spatial organization of each cell, we first calculated the spike-triggered average the receptive fields of retinal ganglion cells (Rodieck, of the stimulus using the largest pixel size in our proto-1965). Models of this type, with a central peak of sensitivcol, 104 m (0.6Њ of visual angle). An example of such ity falling off toward the periphery, have formed the basis a spatiotemporal receptive field is shown in Figure Each cell was mapped using a stimulus of spatiotemporal white noise. The spike-triggered stimulus average was calculated for each cell, resulting in a movie of the mean effective stimulus preceding the action potential. (A and B) A 150 ms segment from one movie is displayed with time moving from left to right and top to bottom. The action potential occurs at 0 delay (bottom right movie frame). The movie is shown in 14.2 ms steps preceding the onset of the action potential, with time indicated in ms under each frame (see Experimental Procedures). The red pixels indicate when and where the cell was excited by dark pixels of the stimulus (or inhibited by light pixels), while the green pixels indicate when and where the cell was excited by light pixels (or inhibited by dark pixels). This cell responds best to an OFF (red) to ON (green) transition in the stimulus, as would be expected from an ON-brisk transient cell (DeVries and Baylor, 1997). As this spatiotemporal receptive field illustrates, the positions of regions of high sensitivity do not change with time: compare the frames at Ϫ127.8 ms and Ϫ71 ms, the peak of the OFF and ON phases of the response, respectively. The maximum modulation of the polarity of the neuron's response to a spot occurred in the movie frame that preceded the action potential by 71 ms. This frame, shown in more detail in (B), shows the spatial configuration of the stimulus that, on average, most strongly affected the firing rate of the cell and represents the spatial receptive field of the cell (see Experimental Procedures). Two cross sections of the sensitivity profile are shown above and to the left of the receptive field. The plot above the receptive field represents the cross section of the sensitivity profile at the level of the arrowhead on the right. The sensitivity profile had a single peak in this orientation. The plot to the left of the receptive field represents the cross section of the sensitivity profile at the level of the arrowhead below the receptive field. In this orientation, the sensitivity profile clearly had two peaks. The error bars represent the standard errors of the mean for the four stimulus runs. The scale on the two axes represents the absolute stimulus intensity, with 0.5 indicating mean luminance and 0 and 1 the minimum and maximum intensity excursions, respectively. (C) The stimulus frame shown in (B) has been thresholded to show only those pixels that were modulated more than three standard deviations from the mean (see Experimental Procedures). This criterion can be used to judge the spatial extent of the receptive field. (D) The autocorrelogram for one stimulus run is shown. There is a clear refractory period, indicating that action potentials from only a single cell were analyzed. In (A), (B), and (C), each square in the receptive field measures 104 m. one axis, from left to right, the cell has a smooth sensitivfields of 79 concentric cells and found a broad variety of sensitivity profiles for the receptive field center. Two ity profile with a single peak. However, along the axis from top to bottom, there are two peaks in the sensitivity examples are shown in Figure 2 . The receptive field profiles formed a continuum from small and domeprofile. The peaks were reproducible across mapping runs; the error bars represent Ϯ1 SEM.
shaped to elongated to quite irregular. Less than 40% of the cells in our sample had essentially dome-shaped Using these techniques, we mapped the receptive sensitivity profiles, as shown in Figure 2A .
Most of these
The Inhomogeneities Were Not Due to Multicell Recording or Damage to the Retina receptive fields were small, ranging from 100 to 400 m in diameter. The cell shown had one of the largest such A trivial explanation for the multiple regions of high sensitivity within the receptive field would be that we were receptive fields in our sample.
Large receptive fields often were elongated or irregumistakenly recording from more than one ganglion cell. For example, the aggregate response of two symmetric larly shaped and had more than one region of high sensitivity within their receptive fields. Cells with elongated receptive fields displaced from one another could very well look like the receptive field shown in Figure 1 . Howreceptive fields, like the one shown in Figure 1 , had regions of high sensitivity flanking a less sensitive cenever, the spike shapes and the autocorrelograms for each cell leave no doubt that action potentials from only tral region. Other, more irregular receptive fields were also encountered ( Figure 2D ). Six cells even had disa single cell were analyzed ( Figures 1D, 2C , 2F, and 5F). Furthermore, some of the irregular cells in our sample tinctly "C"-shaped receptive fields (see Figure 4) . There was no relationship between the axis of elongation or were recorded using a loose patch technique; with this method, it is difficult to imagine that action potentials the axis of the C shape and the position of the electrode. Optical interference from the electrode was unlikely in from more than one cell were recorded. A second concern was that we had somehow damany case, since the stimulus was projected to the photoreceptor side of the retina, while the electrode apaged the photoreceptors during the isolation of the retina for in vitro recording. Some regions of the receptive proached from the ganglion cell side (see Experimental Procedures).
field center might be less sensitive only because the Would more structure be revealed when the receptive field center is mapped at a finer scale? The effect of varying the size of the squares used in the checkerboard pattern is shown in Figure 5 . The cell was first mapped with 104 m squares ( Figure 5A ), revealing two regions of high sensitivity within an oblong receptive field. Although the two regions of high sensitivity became increasingly distinct as the pixel size of the stimulus was reduced, the sensitivity profile of the cell did not qualitatively change with decreasing pixel size. Even at the smallest square size used-32 m-there were still two regions of relatively high sensitivity that flanked a central region of decreased sensitivity within this oblong receptive field ( Figure 5D ). When the cross sections of the four different maps of the receptive field are superimposed, the striking similarity among them is evident (Figure 5E ).
The Hot Spots Are Not Predicted by the Position of the Soma or Dendrites of the Ganglion Cell
The spatiotemporal spike-triggered average of the cell's receptive field was measured using a square size of 104 m, after which the cell was injected with Lucifer yellow to visualize its dendritic tree ( Figure 6A ). A photograph was immediately taken of the cell and a fiduciary mark projected from the stimulus monitor ( Figure 6B ). The soma could now be localized relative to the receptive field map ( Figure 6C ). The yellow spot placed on the receptive field in Figure 6C shows the position of the analysis was performed for the second and third most influential pixels, the effect was even more pronounced. The spike-triggered stimulus average is shown in Figure  4A ; it was calculated from ‫5.7ف‬ min (32,000 video frames
The average distance to the soma was 222 m for the second most modulated pixel and 220 m for the third at ‫07ف‬ Hz) of the checkerboard stimulus. In Figure 4B , we mapped the receptive field of the same cell by flashmost modulated pixel. All were significantly different from the mean distance of the center of mass to the ing each square of the checkerboard stimulus in isolation and counting the action potentials in the 100 ms soma (two-tailed t test, p Ͻ 0.001). These results indicate that, for large cells, the regions of high sensitivity are following the stimulus onset. The presentation of the 225 individual squares was randomly interleaved in the often offset from the position of the soma. These regions were as much as 30% more sensitive than was the region ten trials. Each square was presented for 200 ms followed by 1.5 s of dim background; the entire protocol over the soma. In Figure 8 , the dendritic morphology of four cells is no gross asymmetries within the dendritic structure of these cells that can be used to predict the location of shown relative to the sensitivity profiles of each cell's receptive field center. In all cases, the soma is located the regions of high sensitivity within the receptive field. Areas of reduced sensitivity do not simply represent in a region of relatively decreased sensitivity. There are Mills, 1996) . This is the leading candidate for providing the bipolar cell input to ON ␣ cells in the rabbit. However, the fundamental analysis would be little influenced by choosing 
(1987). A mosaic of the axon terminal systems of a population of bipolar cells is also shown. The parameters of this population-density, coverage and regularity-were obtained from measurements of the population of calbindin bipolar cells (Massey and

0.023, two-tailed t test).
In Figure 9B , this input was blurred to mimic the lateral spread of the signal as it passes through the bipolar cells. In this example, we used a Gaussian function with and the physiological characteristics of the cell's retwice the radius of the bipolar cell axon terminals to ceptive field. In the present study, the two can be directly mimic the possible spread of neural activity (e.g., , difficult to justify physiologically patible with our observation that the largest cells in our or anatomically. Similarly, varying the axonal coverage, sample-the most vulnerable to passive cable propersize, or regularity can change the size and somewhat ties-often had a dip in sensitivity over the soma, shift the location of the hot spots but does not change whereas the models predict a peak in sensitivity.
the fundamental result. A second class of models suggests that specific anaThe resultant receptive field was sampled using the same stimulus size as the one used in our standard tomical features generate the dome-shaped sensitivity 
